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STUDY  OF  ARTICULATED  CONCRETE 
REVETMENT  MATTRESS:  TEST  AND 
ANALYSIS  RESULTS  OF  FY  1975  PROGRAM 

1 INTRODUCTION 

Background 

For  the  past  45  years,  the  Corps  of  Engineers  has 
used  articulated  concrete  mattresses  (mats)  as  revet- 
ments on  the  banks  of  the  lower  Mississippi  River  to 
prevent  erosion  and  to  aid  in  maintaining  channel  sta- 
bility. Placement  of  these  mats  is  a costly  procedure; 
the  average  cost  is  $1  million/mi  ($625,000/km),  for 
a total  annual  cost  of  $35  to  $40  million. 

A mattress  is  composed  of  units  called  “squares,” 
which  are  nominally  4 ft  (1.2  m)  wide  and  25  ft 
(7.6  m)  long.  Each  square  is  composed  of  uniform  con- 
crete blocks  connected  with  a corrosion-resisting  wire 
fabric  unit  made  of  either  stainless  steel  wire  or  bime- 
tallic copper-clad  steel  wire.  Corrosion-resisting  twist 
wires  and  parallel  wire  cables  connect  the  squares  to 
form  a mattress.  About  600,000  units  or  1 25  million 
lin  ft  (38.1  million  m)  of  wire  are  required  annually  at 
a cost  of  between  $4  and  $6  million.  (See  Appendix  A 
for  a detailed  description  of  the  mats.) 

A value  engineering  study  has  indicated  that  substan- 
tial economic  benefits  could  be  achieved  by  changing 
. the  design  of  these  mats.  In  March  1972,  the  U.  S. 

Army  Construction  Engineering  Research  Laboratory 
(CERL)  was  asked  to  determine  the  magnitude  and  dis- 
tribution of  forces  developed  during  launching  of  the 
mats.  An  analytical  study  was  also  requested  to  provide 
guidance  for  design  changes  in  the  mat  structure. 

CERL  conducted  field  tests  during  the  fiscal  year 
1973  (FY  73)  launch  season  - August  through  De- 
cember 1972.  The  analytical  study  and  laboratory  tests 
began  at  the  same  time  and  continued  until  June  1973. 
Appendix  B summarizes  the  results  of  that  program, 
which  are  fully  reported  in  CERL  Interim  Report 
M-84.‘ 


on  the  launch  plant  as  the  mat  went  over  the  side.  It 
was  recommended  that  the  possibility  of  usiig  two 
(rather  than  the  three  currently  used)  4000-lbf  ( 1 7.8 
kN)  breaking  strength  longitudinal  wires  be  investi- 
gated. 

CERL  performed  additional  field  tests  and  expand- 
ed the  analytical  study  during  FY  74.  The  results  of 
that  program,  which  are  reported  in  CERL  Technical 
Report  M-941 2  and  summarized  in  Appendix  C,  verified 
that  maximum  longitudinal  wire  forces  are  produced  as 
the  mat  traverses  the  launch  plant  edge.  The  work  also 
indicated  the  structural  feasibility  of  reducing  the  dia- 
meter of  the  longitudinal  wires  from  0.162  in.  (4.1  mm) 
to  0.141  in.  (3.6  mm). 

As  a result  of  these  two  studies,  it  was  decided  to 
launch  approximately  10,000  squares  cast  with  two 
4000-lbf  (17.8  kN)  breaking  strength  longitudinal 
wires  (0.162  in.  [4.1  mm]  diameter)  during  the  FY  75 
launch  season  (August  through  December  1974).  This 
report  presents  the  results  of  CERL’s  monitoring  of 
some  of  these  launches. 

Objective 

The  objective  of  this  study  was  to  measure  the  per- 
formance of  two-longitudinal-wire  test  mattresses  sub- 
jected to  different  launch  conditions.  The  data  were  to 
be  used  to  confirm  the  results  of  previous  CERL  tests 
and  analyses  which  indicated  that  such  a mattress 
would  be  structurally  feasible. 

Approach 

Effective  demonstration  of  the  structural  adequacy 
of  a two-longitudinal-wire  mat  required  that  the 
10,000  test  squares  be  launched  under  the  most  adverse 
loading  conditions  (as  determined  by  previous  testing 
and  experience  of  Corps  of  Engineers  Lower  Mississippi 
Valley  Division  [LMVD]  personnel);  these  conditions 
were: 

1.  deep  water  (more  than  100  ft  [30.5  m]  deep) 

2.  turbulent  flow 


The  major  observations  of  the  initial  study  were: 
(I)  that  the  bracket  wire  and  longitudinal  wires  had 
much  more  than  adequate  strength  and  (2)  that  the 
highest  forces  in  the  longitudinal  wires  were  occurring 

1 1'.  Kearney  and  F.  Plummer,  Study  of  Articulated  Con- 
crete Revetment  Mattress:  Test  and  Analysis.  Interim  Report 

M-84  (tl.  S.  Army  Construction  I nginccring  Research  Labora- 
tory |CFRL|.  1974). 


3.  launching  with  “mat  puller.” 

The  squares  were  apportioned  between  the  Memphis 
and  Vicksburg  Districts  to  permit  evaluation  of  the  sig- 


2F.  Kearney  and  J.  Prendergast,  Study  of  Articulated  Con- 
crete Revetment  Ma'trcss:  Test  and  Analysis  Results  of  FY 
1974  Program.  Technical  Report  M-94/ADA021 774  (Cl  RL, 
1976). 


nificance  of  mechanical  differences  in  the  two  Districts’ 
mat-sinking  units. 

The  logistics  of  transporting  the  test  squares  from 
the  casting  fields  to  the  launching  plants  were  also  con- 
sidered in  selecting  launch  site  locations.  The  number 
of  squares  launched  at  the  selected  launch  sites  was  as 
follows: 

1 . 5000  copperweld  squares  were  launched  by  the 
Memphis  District  plant  at  Goldbottom,  LA  (deep  water 
and  turbulence). 

2.  2500  stainless  steel  squares  were  launched  by  the 
Memphis  District  plant  at  Manchac,  LA  (deep  water 
and  turbulence). 

3.  2500  stainless  steel  squares  were  launched  by  the 
Vicksburg  District  plant  at  Cross  Bayou,  LA  (deep 
water  and  mat  puller). 

CERL  monitored  some  of  these  launches  using  the 
mechanical  and  electromechanical  gages  previously 
developed  for  mattress  measurements.  Appendix  D 
describes  the  gages.  Appendix  E contains  the  instru- 
mentation location  charts  for  each  test.  Since  previous 
work3  showed  that  the  maximum  force  levels  occur 
close  to  the  mat’s  upstream  edge,  as  many  gages  as 
possible  were  installed  in  square  three.  Gaging  squares 
one  and  two  was  usually  not  possible  because  of  double 
layering  of  mattress  squares.  When  mat  physical  irregu- 
larities or  launching  exigencies  precluded  placing  the 
gages  in  square  three,  the  most  practicable  upstream 
position  was  self.cted. 

Electrical  signals  from  the  electromechanical  forces 
gages  were  recorded  on  Ampex  Model  ES-100  instru- 
mentation tape  recorders  conforming  to  Inter-Range 
Instrumentation  Group  standards.  The  recording  band- 
width was  0 to  6.75  kHz;  the  playbacks  presented  in 
this  report  were  made  on  a chart  recorder  having  a 
response  of  0 to  1 50  Hz.  The  electrical  signals  do  not 
contain  some  of  the  peak  forces  recorded  by  themechan- 
ical  gages  because  of  the  150-Hz  upper  frequency 
response  limit.  However,  that  the  peaks  were  recorded 
on  the  magnetic  tape  was  verified  by  using  voltage  peak 
detectors  during  playback  at  CERL.  A continuous  nar- 
ration (voice  log)  was  made  of  the  launch  progress  as 
the  electrical  data  signals  were  recorded. 


3 1 Kearney  and  J.  Prcndcrgast,  Study  of  Articulated  Con- 
crete Revetment  Mattress:  Test  and  Analysis  Results  of  h'Y 
1974  Program.  Technical  Report  M-94/ADA021 774  (CERL, 
1976). 


Low  force  levels  (less  than  500  lbf  [2.2  kN] ) found 
during  FY  73  and  74  field  tests  on  bracket  wires  showed 
that  the  strength  of  the  bracket  wire  connections  to 
the  launch  cable  was  excessive  (greater  than  4000  lbf 
[17.8  kN]).  Therefore,  use  of  smaller  wrapping,  which 
would  result  in  a material  savings,  was  considered  for 
these  connections.  Field  and  laboratory  tests  using 
smaller  diameter  bracket  wrapping  wire  were  con- 
ducted to  resolve  whether  the  slip  resistance  of  the 
smaller  wire  would  be  adequate  and  whether  the  auto- 
matic wrapping  tool  would  accommodate  it. 

The  New  Orleans  District  uses  a redundant  or  auxil- 
iary cable  in  the  bank  tie-off  system  in  conjunction 
with  the  regular  launch  cable;  this  corrosion-resistant 
cable’s  three  strands  each  measure  0.181  in.  (4.6  mm) 
in  diameter,  which  is  0.019  in.  (0.5  mm)  larger  than  the 
mating  fabric  wire  (0.162  in.  [4.1  mm]  diameter). 
Tests  comparing  the  failure  strength  of  the  auxiliary 
tie-off  wire  for  0.181  in.  (4.6  mm)  diameter,  and  0.162 
in.  (4.1  mm)  diameter  were  conducted  at  CERL  to  de- 
termine if  the  connection  using  the  smaller  wire  would 
have  acceptable  strength. 

2 FIELD  AND  LABORATORY  TESTS 

Mechanical  Gage  Tests 

Appendix  F.  presents  the  force  levels  in  the  two- 
longjtudinal-wtre*  mat  on  the  Memphis  and  Vicksburg 
sinking  units  measured  by  the  brass  mechanical  gage 
targets**  during  the  FY  75  launching  season.  Figure  1 
is  a histogram  summarizing  the  mechanical  force  gage 
readings  in  j00-lbf  (2.2  kN)  intervals.  The  histograms 
for  the  F\'  73  and  FY  74  tests  are  included  in  Figures 
2 and  3 for  comparison.]; 

As  many  gages  as  possible  were  installed  in  square 
three,  since  the  maximum  force  levels  occur  in  the  up- 
stream portion  of  the  mat,  as  shown  in  Appendix  D 
(Figure  D2).  Mat  physical  irregularities  or  launching 
exigencies  sometimes  precluded  this  location ; in  these 
instances,  the  alternate  location  was  the  most  practi- 
cable upstream  position. 


•See  Appendix  A for  explanation  of  the  terminology  and 
mattress  array. 

••See  Appendix  D for  description  of  the  force  gages. 

|Thc  l;Y  73  histogram  shows  a preponderance  of  bracket 
wire  tests,  since  it  was  thought  that  these  wires  might  be  the 
weakest  link  in  the  mat  array;  since  the  tests  and  analysis 
showed  this  was  not  the  case,  bracket  wire  testing  was  dis- 
continued during  the  FY  74  launch  season. 
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Figure  1.  Summary  of  FY  75  tests  - distribution  of  Figure  3.  Summary  of  FY  73  tests  — distribution  of 

measured  forces.  SI  conversion  factor:  1 lbf  = 4.448  N.  measured  forces.  SI  conversion  factor:  1 Ibf=  4.448  N. 


LOAD  RANGE  (LBf  t 1000) 


Figure  2.  Summary  of  FY  74  tests  distribution  of 
measured  forces.  SI  conversion  factor:  I lbf  = 4.448  N. 


As  indicated  by  the  histograms  (Figures  1 through 
3)  and  the  instrumentation  data  sheets  in  Appendix  E, 
the  mechanical  gage  data  are  very  similar  to  those  ob- 
tained in  FY  73  and  74. 

Electromechanical  Gage  Tests 

Figures  4 and  5 are  typical  recordings  of  the  electri- 
cal data  obtained  during  the  FY  75  testing.  The  data 
were  recorded  in  fairly  deep  water  at  launches  13-14 
and  20-21.  Thus,  the  effect  of  the  dead  weight  of 
several  launches  hanging  over  the  side  of  the  mat- 
sinking unit  can  be  seen.  The  water  velocities  during 
the  tests  ranged  from  4 to  6 ft/sec  (1.2  to  1.8  m/sec) 
with  stochastic  loading  due  to  turbulence. 

As  had  been  observed  in  previous  testing,  the  longi- 
tudinal wires  reached  force  levels  of  approximately 
1000  lbf  (4.4  kN)  as  soon  as  a launch  began. 

CERL  Interim  Report  M-84  and  Technical  Report 
M-94  (summarized  in  Appendices  B and  C)  discussed 
the  effect  of  the  launch  Finger  apron.  In  the  FY  75 
tests,  it  was  observed  that  high  force  levels  were  in- 
duced in  the  longitudinal  wires  as  they  passed  over 
these  “fingers”;  this  effect  is  most  noticeable  in  Figure 
6,  which  is  a typical  trace  of  electrical  data  signals 
from  a three-wire  mat.  Trace  A of  Figure  6 shows  an 
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induced  force  level  of  approximately  1900  lbf  (8.4 
kN)  for  the  upstream  wire  as  it  passes  over  the  fingers. 
For  the  two-wire  mat,  the  force  level  fluctuation  caused 
by  these  fingers  is  hardly  discernible;  for  some  play- 
backs, the  fact  that  the  gages  were  passing  over  the 
fingers  was  only  indicated  by  the  voice  log  recorded 
during  the  test. 


Figure  7 shows  the  electrical  traces  from  tests  con- 
ducted at  Cross  Bayou,  LA  to  determine  forces  in  the 
longitudinal  wires  caused  by  using  the  mat  puller.  As 
can  be  seen,  the  typical  “load-up”  of  the  wires  occurred 
at  the  initiation  of  the  launch.  In  this  test,  the  perturba- 
tions in  the  force  levels  as  the  mat  passed  over  the 
fingers  can  readily  be  seen.  The  chart  on  p.  63  of  Appen- 
dix E gives  the  mechanical  gage  readings  for  this  test, 
which  are  similar  to  the  results  of  the  mat-pulling  tests 
done  during  FY  74. 

Bracket  Wire  Wrapping  Tests 

Unwrapping  Tests 

Smaller  diameter  wires  for  wrapping  the  bracket 
wires  to  the  launch  cable  (0.114  in.  [2.9  mm]  instead 
of  0.128  in.  [3.3  mm)  diameter  wire)  were  tested  on 
several  mats  during  the  FY  75  launch  season.  (Labora- 
tory tests  had  previously  been  conducted  at  CERL  in 
FY  74  and  75  using  fixtures  to  apply  forces  that 
simulate  the  “unwrapping”  forces  the  connection  would 
experience  during  launch.)  The  field  tests  showed  negli- 
gible difference  between  the  two  wire  sizes.  The  ultimate 
failure  of  these  wraps  was  wire  fracture  rather  than 
“unwrapping.” 

Slip  Resistance  Testing 

CERL  conducted  several  laboratory  tests  comparing 
the  slip  resistance  of  0.1 14-in.  (2.9  mm)  diameter 
bracket  wire  wrapping  connections  and  0.128-in.  (3.3 
mm)  diameter  connections.  Electronic  instrumentation 
was  used  to  measure  the  applied  load  and  resultant  dis- 
placement due  to  slippage;  however,  this  testing  method 
was  not  practical  for  use  on  the  mat-sinking  units.  The 
field  test  method  devised  used  white  spray  enamel  ap- 
plied to  the  wrapped  connection  in  the  unloaded  condi- 
tion. This  application  resulted  in  a smooth,  continuous 
coating  (Figure  8).  When  slippage  occurred  during  ap- 
plication of  load,  unpainted  launch  cable  metal  was 
exposed  (Figure  9).  The  validity  of  this  spray  paint 
test  procedure  was  verified  by  correlation  tests  in  the 
laboratory. 

Several  tests  on  bracket  wire  connections  made  with 
the  small  diameter  wire  utilizing  the  spray  paint  tech- 
nique were  conducted  at  Manchac,  LA  and  Goldbottom, 
LA.  Slippage  was  not  observed  in  any  of  these  tests. 


Figure  8.  Painted  connection  before  loading. 


Figure  9.  Painted  connection  after  loading.  Slippage 
shows  by  exposure  of  bare  metal. 
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None  of  the  tests  on  the  mat-sinking  units  using 
small  diameter  wrapping  wire  resulted  in  untoward 
events  due  to  slippage  or  unwrapping. 

Auxiliary  Shore  Tie-Off  Wire  Tests 

Twenty  four  connections  were  made  be  tween  launch 
one  longitudinal  wire  end  loops  and  auxiliary  copper- 
weld  shore  tie-off  wire  as  is  done  in  the  New  Orleans 
District  mat  anchor  system;  12  used  the  0.1 81 -in. 
(4.6  mm)  diameter  copperweld  shore  wire  that  is 
presently  used,  and  12  used  0.162-in.  (4.1  mm)  diame- 
ter wire  (fabric  wire  diameter).  Figures  10  and  11  give 
typical  load-deflection  curves  for  currently  used  shore 
tie-off  wire  and  fabric  wire,  respectively.  As  the  figures 
show,  the  conventional  system  has  a load  capacity 
about  500  Ibf  (2.2  kN)  greater  than  the  system  using 
the  fabric  size  wire. 

3 SUMMARY  AND  DISCUSSION 
OF  FY  73  THROUGH  75  PROGRAM 

Bracket  Wires 

At  the  outset  of  the  program.it  was  thought  that  the 
mat  element  subjected  to  the  most  loading  was  the 
bracket  wires.  However,  the  field  testing  and  subsequent 
analysis  indicated  that  the  forces  on  the  bracket  wires 
were  less  than  500  lbf  (2.2  kN).  Even  removing  half  of 
the  bracket  wire  connections  did  not  produce  any  dis- 
cernible increase  in  the  force  measurements. 

The  belief  that  bracket  wires  had  high  force  levels 
was  engendered  by  the  so-called  “zipper  effects,” 
which  were  one  of  the  revetment  problems  mentioned 
at  the  initial  project  briefings.  Zipper  effects  involve  a 
chain-type  failure  of  bracket  wire  connections  along 
the  entire  length  of  a launch  cable.  It  was  determined 
that  this  zipper  effect  has  not  occurred  since  the  auto- 
matic pneumatic  wrapping  tool  has  been  employed.  Pre- 
viously. the  bracket  wire  attachment  system  consisted 
of  three  or  four  rigid  cable  clamp  connections  accom- 
panied by  loose  twist  connections.  This  resulted  in  high 
stress  concentrations  at  the  rigid  cable  clamp  connec- 
tions; these  concentrations  initiated  failure,  which 
propagated  along  the  launch  cable  by  breaking  the  loose 
twist  connections. 

Use  of  the  wrapping  tool  has  achieved  more  uniform 
stress  distribution  and  has  obviated  stress  concentra- 
tions. In  addition,  the  bracket  wire  wrap  formed  by  the 
pneumatic  tool  imparts  a springiness  or  shock-absorbing 
mechanism  to  the  mattress  assembly.  Therefore,  when 
abnormally  high  forces  occur,  the  load  is  not  concen- 


trated at  three  or  four  rigid  connections;  rather,  it  is 
distributed  among  the  wrapped  connections. 

Presently,  the  bracket  wires  are  most  prone  to  failure 
during  handling  of  the  squares  in  the  casting  fields  and 
the  launch  plant  prior  to  placement.  CERL  Interim  Re- 
port M-84  discusses  this  problem. 

Fluidic  Forces 

Appendix  D summarizes  development  of  a model  of 
the  pressure  forces  caused  by  the  river  current;  the 
analysis  of  the  model  assumed  uniform  forces  such  as 
would  occur  in  laminar  flow.  In  most  instances,  these 
conditions  prevail  and  the  analyses  are  valid.  The  diffi- 
culty often  experienced  by  LMVDand  CERL  personnel 
in  selecting  test  sites  along  the  river  that  would  provide 
rough,  turbulent  water  to  produce  adverse  and  diffi- 
cult launch  conditions  supports  this  assumption.  Prior 
to  CERL  quantitative  force  measurements,  visual 
observations  by  LMVD  revetment  personnel  were  the 
only  source  of  descriptive  effects  of  rough  water  on 
mat  placement.  These  observations  were  grouped  into 
the  following  categories: 

1 . Launch  cable  fracture.  In  this  type  of  fracture, 
one  or  more  of  the  3/8  in.  (9.5  mm)  or  5/ 16  in.  (7.9  mm) 
diameter  launch  cables  fracture,  causing  a droop  in  the 
mat  in  the  region  of  fracture.  The  severity  and  extent 
of  this  defect  depend  on  the  number  of  launch  cables 
broken. 

2.  Automatic  cut-off.  In  this  case,  all  launch  cables 
break,  causing  the  entire  mat  to  sink  in  an  uncontrolled 
condition.  In  nearly  all  cases,  the  failure  initiates  at  the 
upstream  cable  and  propagates  along  the  width  of  the 
mat;  this  automatic  cut-off  usually  occurs  as  the  last 
launch  is  hanging  over  the  side  of  the  sinking  unit. 

Normal  cut-off  of  the  mat  is  controlled  by  moving 
the  sinking  unit  into  the  river  channel  until  the  entire 
mat  is  on  the  bottom;  the  launch  cables  are  then 
manually  cut. 

If  the  mat  sinks  properly  after  an  automatic  cut-off, 
the  failure  is  inconsequential;  however,  if  it  folds  or 
collapses  either  longitudinally  or  laterally,  another  mat 
must  be  placed. 

3.  Zipper  failure.  In  this  case,  all  bracket  wire  con- 
nections fail;  the  failure  propagates  from  the  mat 
squares  in  the  river  along  the  launch  cable  up  to  the 
sinking  unit  deck.  However,  as  mentioned  previously, 
this  failure  has  not  occurred  since  the  automatic  wrap 
ping  tool  has  been  used. 
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Figure  10.  Auxiliary  shore  tie-off  load  vs  deflection  test;  0-181  -in.  (4.6  mm)  diameter  shore  wire.  SI  conversion 
factor:  1 lbf=  4.448  N. 


Figure  1 1 . Auxiliary  shore  tie-off  load  vs  deflection  test;  0.162-in.  diameter  (4.1  mm)  shore  wire.  SI  conversion 
factor:  I lbf  = 4.448  N. 
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4.  Floating  mattress.  The  floating  mattress  pheno- 
menon involves  several  launches  or,  in  some  cases,  al- 
most the  entire  mat  actually  floating  on  the  river  sur- 
face and  then  gradually  sinking- usually  with  no  de- 
leterious results.  This  curious  anomaly  was  thought  to 
induce  severe  forces. 

In  each  of  these  abnormal  situations  (except  the 
zipper  failure),  CERL  had  gages  installed  and  obtained 
definitive  data.  These  field  data,  which  are  discussed 
in  detail  in  CERL  Technical  Report  M-94,  indicate  that 
fluidic  forces  are  not  as  large  as  previously  believed 
and  validate  the  models  developed. 


4 CONCLUSIONS 

Based  on  a review  of  the  field  data  from  the  FY  74 
and  75  test  programs  and  the  analysis  conducted  with 
the  multi-square  force  distribution  model  discussed  in 
Appendix  C,  it  was  concluded  that: 

1.  The  results  of  the  FY  75  test  program  are  in  good 
agreement  with  the  results  of  the  FY  74  test  program, 
and  the  conclusions  and  recommendations  developed 
for  the  FY  74  study  remain  valid. 

2.  The  FY  74  and  75  field  data  collected  and  the 
analysis  conducted  with  the  multi-square  force  distri- 
bution model  still  suggest  that  the  peak  forces  are  in- 
duced in  the  longitudinal  connection  wires  (end-twist- 
tie  connections)  as  the  mat  passes  over  the  launch  finger 
apron. 

3.  Based  on  the  conditions  assumed  in  the  analysis, 
the  field  test  data,  and  the  expected  ultimate  capaci- 
ties of  the  0.162  in.  (4.1  mm)  diameter  wires,  a two-wire 

0.162  in.  (4.1  mm)  diameter  end-twist-tie  and  longi- 
tudinal wire  system  appears  to  have  adequate  “average” 
strength. 

4.  Based  on  the  average  value  of  the  individual  end- 
twist-tie  connection  force  of  2.49  kips  (11.1  kN)  and 
the  expected  ultimate  capacities  of  the  individual  end- 
twist-tie  system  made  from  either  stainless  steel  or 


copper  clad  0.141  in.  (3.6  mm)  diameter  wire,  it  ap- 
pears that  a two-wire  0.141  in.  (3.6  mm)  diameter  end- 
twist-tie  and  longitudinal  wire  system  will  have  adequate 
“average”  strength.  However,  due  to  the  distribution  of 
the  measured  cnd-lwist-tic  forces  and  the  estimated 
ultimate  capacities  of  the  end-twist-ties,  some  connec- 
tions can  be  expected  to  undergo  distress  and  perhaps 
failure  when  the  more  severe  loadings  are  experienced. 


5 RECOMMENDATIONS 

Based  on  the  results  of  the  entire  program  (FY  72 
through  75),  the  following  recommendations  are  made: 

1 . A two-longitudinal  wire,  4,000-lb  tensile  strength 
square  (0.161  in.  [4.1  mm]  diameter)  should  be  used. 

2.  The  handling  system  at  casting  fields  and  launch 
plants  should  be  modified  to  allow  use  of  3,000-lb 
bracket  wires.* 

3.  The  number  of  bracket  wire  wraps  per  square 
should  be  reduced  from  20  to  10. 

4.  Auxiliary  corrosion-resistant  shore  tie-off  wire 
strength  should  be  reduced  to  the  same  wire  strength 
as  fabric. 

5.  Based  on  the  forces  developed  in  this  study  and 
the  shore  pull-out  tests  previously  determined,4  the 
entire  launch  cable  system  should  be  evaluated  to  re- 
duce overdesign  of  shore  tie-off  methods. 

6.  Field  tests  should  be  conducted  to  determine  the 
adequacy  of  a two-wire  0.141  in.  (3.6  mm)  diameter 
longitudinal  wire  mat. 

•In  view  of  the  small  bracket  wire  forces  measured  during 
launch,  bracket  wire  tensile  strength  could  be  reduced  to  1 000 
to  1 S00  pounds  if  handling  techniques  could  be  appropriately 
modified. 

4 Shore  Anchor  Pull-Out  Tests , Tone  Study  HI’P  No.  H 
(Revetment  Operations  Improvement  Hoard,  Memphis  Ingineer 
District,  February  1966). 


15 


APPENDIX  A:  MATTRESS  GEOMETRY 
AND  TERMINOLOGY 


Figures  A1  and  A2  show  the  mattress  configuration 
used  in  the  Field  tests. 

The  term  “square”  refers  to  a basic  assembly  of 
twenty  46-1/4  in.  x 14  in.  (1.2  m x 0.4  m)  concrete 
blocks  cast  with  corrosion-resistant  wire  fabric  which 
runs  laterally  and  longitudinally  and  forms  a structure 
with  overall  dimensions  of  25  ft  x 4 ft  x 3 in.  (7.6  m 
x 1.2  m x 76.2  mm).  The  lateral  wires  are  referred  to 
as  “bracket”  wires. 

These  squares  are  assembled  into  an  articulated  array 
by  connecting  the  longitudinal  end  loops  (detail  B, 
Figure  A2)  and  the  bracket  wires  (detail  S,  Figure  Al). 


A pneumatic  wrapping  tool  is  used  to  make  the  mech- 
anical ties. 

The  articulated  system  is  assembled  on  the  mat- 
sinking unit  to  form  a mattress  which  is  an  array  of  L 
x S;  L = number  of  launches  (length)  and  S = number 
of  squares.  The  term  “launch”  refers  to  a row  of  as 
many  as  35  squares. 

Figure  A3  is  an  overview  of  the  launch  operation 
showing  the  squares  connected  in  the  horizontal  direc- 
tion. The  water  depth  and  river  bottom  grade  deter- 
mine the  number  of  launches  (length)  of  a particular 
mattress. 

Launch  numbers  start  at  the  shore  and  increase  as 
placement  proceeds  out  into  the  channel.  Square 
numbers  start  at  the  mooring  barge  (upstream  edge 
— extreme  left,  Figure  A3)  and  increase  downstream; 
square  one  is  always  farthest  upstream. 
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Figure  A2.  End  twist  connections  for  three  longitudinal  wires. 


Figure  A3.  Overview  of  launch  operation. 


APPENDIX  B:  HYDRODYNAMIC  FORCE 
MODEL 

Scope  of  Evaluation 

This  appendix  summarizes  the  results  of  the  FY  73 
work,  which  is  fully  reported  in  CERL  Interim  Report 
M-84.5  The  major  mat  components  considered  in  this 
study  were  the  longitudinal  wires,  the  bracket  wires, 
and  their  associated  connecting  ties  and  wraps.  The 


4.  Comparison  of  present  force  levels  in  longi- 
tudinal wires,  bracket  wires,  and  their  connecting 
ties  with  their  estimated  ultimate  loads. 

A large-scale  computer  simulation  of  the  mat 
structure  was  considered  beyond  the  scope  of  the 
investigation. 

Forces  Exerted  on  the  Mat  Components 


launch  cable  system  was  considered  in  a previous  re- 
port,6 and  was  not  evaluated  in  this  investigation. 

The  primary  tasks  undertaken  in  the  evaluation 
were  as  follows: 

1 . Investigation  of  the  nature  and  magnitude  of  the 
fluid  forces  exerted  on  the  mat  during  launch. 

2.  Determination  of  the  forces  and  deformations 
exerted  on  the  mat  by  the  launch  barge  during  launch. 

3.  Determination  of  the  ultimate  strength  and  load- 
deformation  resistance  of  the  longitudinal  wires, 
bracket  wires,  and  their  connecting  ties. 


5F.  Keat.iey  and  F.  Plummer,  Study  of  Articulated  Con- 
crete Revetment  Mattress:  Test  and  Analysis,  Interim  Report 
M-84  (U.  S.  Army  Construction  Engineering  Research  Labora- 
tory |CERL],  1974). 

6Shore  Anchor  Pull-Out  Tests:  Force  Study  BPP  No.  8, 

(Revetment  Operations  Improvement  Board,  Memphis  Engi- 
neer District,  February  1966). 


The  components  of  the  mattress  system  must  be 
capable  of  sustaining  the  forces  and  deformations  ap- 
plied to  them  during  all  phases  of  their  life  from  the 
casting  yard  through  service  on  the  river  bottom. 
Scouring,  corrosion,  and  other  effects  generated  once 
the  mat  is  on  the  river  bottom  were  not  considered. 
The  detailed  field  evaluation  of  these  various  acti- 
vities reveals  that  the  maximum  forces  are  probably 
generated  during  three  distinct  operations:  (1)  lift- 
ing the  mat  over  the  edge  of  the  launch  plant,  (2) 
motion  of  the  mat  over  the  edge  of  the  launch 
plant,  and  (3)  passage  of  the  mattress  through  the 
water  and  settlement  on  the  bottom. 

Analysis  of  Fluid  Forces 

Basic  Model 

A preliminary  model  for  estimating  the  magnitude  of 
the  fluid  forces  on  the  mattress  was  suggested  by 
Murtha.7  The  mat  was  assumed  to  be  a flat  plate  ori- 


7J.  P.  Murtha,  Hydrodynamic  Force  Model  for  the  Arti- 
culated Concrete  Mattress,  Letter  Report  (University  of  Illi- 
nois, 22  September  1972). 
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Figure  Bl.  “Strip  Theory”  model  for  calculating  fluid  forces.  SI  conversion  factor:  1 ft  = 0.3048  m. 


ented  vertically  in  a steady  flow  and  inclined  at  some 
angle  of  attack  to  the  direction  of  flow.  The  unit  sec- 
tion of  the  mat  was  taken  as  two  blocks  interconnected 
by  longitudinal  and  bracket  wires  (Figure  Bl).  The  flow 
is  idealized  as  illustrated  in  Figure  B 1 , and  the  velocity 
is  assumed  uniform  over  a strip  2.5  ft  (0.8  m)  wide  and 
140  ft  (42.7  m)  long.  Pressure  distributions  on  two- 
dimensional  plates  at  various  angles  of  attack  were  ob- 
tained from  Fage  and  Johansen’s  report.8  A computer 
program  was  written  integrating  the  pressure  forces 
over  a 2.5-ft  (0.8  m)  strip  of  mattress  to  give  the 
resultant  pressure  forces  perpendicular  to  each  two- 
block  unit.  The  boundary  friction  forces  (parallel  to 
the  mat)  were  calculated  from  the  expression:9 

8A.  (age  and  F.  C.  Johansen.  The  Connection  Between  Lift 
and  Circulation  of  an  Inclined  Flat  Plate,  Reports  and  Memor- 
anda No.  1 104  (England:  Aeronautical  Research  Committee, 
1927). 

9H.  Schlicting.  Boundary  Layer  Theory  (McGraw-Hill, 
1960),  Chapters  20-21. 
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where  CD  = the  drag  coefficient  = 
1 


(1.89  + 1.62  logI0— )2.5 
e 


L = length  of  a strip  p = mass  density  of  the  fluid 
e = roughness  factor  Vo  = velocity  over  the  strip 


A = area 


Fp  = fluid  friction  factor 


These  friction  factors  were  assumed  to  act  on  both 
sides  of  the  mat. 
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DISTANCE  ALONG  MX.  VELOCITY  STRIP  (FEET)  down 

Figure  B2.  Resultant  pressure  forces  on  two-block  units  along  the  strip  of  maximum  velocity.  SI  conversion  factor: 
1 ft  =0.3048  m;  1 lbf=  4.448  N. 


The  porosity  of  the  mat  was  neglected,  and  the  iner- 
tial fluid  forces  generated  during  launching  were  ne- 
glected for  this  preliminary  model. 

The  resultant  pressure  forces  acting  on  each  two- 
block  unit  along  the  strip  of  maximum  velocity  were 
plotted  in  Figure  B2  for  an  angle  of  attack  of  5.85° 
and  maximum  current  velocities  of  4 and  8 ft/sec  (1.2 
and  2.4  m/scc).  It  is  seen  that  for  this  small  angle  of 
attack  the  maximum  pressure  force  occurs  close  to  the 
upstream  edge  of  the  mat.  For  large  angles  of  attack 
the  peak  pressure  displaces  toward  the  center  of  the 
mat. 

Figure  B3  shows  the  fluid  pressure  force  (Fp),  fluid 
friction  force  (Fp),  and  the  weight  in  water  (Ww)  which 
act  on  the  most  highly  stressed  two-block  unit.  For  a 
maximum  velocity  of  4 ft/sec  (1.2  m/sec)  the  pressure 
force  and  effective  weight  are  of  approximately  the 
same  magnitude,  while  at  higher  current  velocities  the 


pressure  force  dominates.  In  both  cases  the  fluid  fric- 
tion force  (Fp)  is  insignificant. 

Fluid  Forces  - During  Launch  Operations 

From  the  preliminary  model  it  is  seen  that  for  small 
angles  of  attack  there  is  a sharp  pressure  gradient  across 
a horizontal  strip  of  mat.  Under  normal  conditions  the 
mat  forms  an  angle  of  attack  of  from  0°  to  1 5°  relative 
to  the  flow.  The  current  impinges  on  what  will  ultimate- 
ly be  the  top  of  (he  mat,  and  the  pressure  forces  hold 
the  maf  in  a stable  position  against  the  launch  barge 
and  the  river  bottom. 

Under  abnormal  conditions  the  current  may  impinge 
on  the  back  or  underside  of  the  mat,  causing  the  mat 
to  become  unstable.  For  small  angles  of  attack  against 
the  backside  of  the  mat,  the  pressure  gradient  would 
most  likely  tend  to  peel  the  upstream  edge  of  the  mat- 
tress downstream  and  toward  the  shore.  (This  pheno- 
menon is  also  often  observed  during  the  launch  of  the 


21 


Fp«249lbf  Ww»l9llbf 
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WEIGHT  IN  WATER  Ww 


Figure  B3.  Forces  applied  to  two-block  unit.  SI  conversion  factor:  1 lbf  = 4.448  N. 


mat.  Once  the  final  launch  leaves  the  mat  plant,  it 
loses  its  upper  edge  support  against  the  barge  and  tends 
to  execute  large  deformations.  This  is  shown  in  Figure 
B4  by  the  launch  cables  which  are  displaced  down- 
stream.) For  large  angles  of  attack  against  the  back- 
side of  the  mat,  one  would  expect  a more  uniform  and 
general  billowing  of  the  mattress  away  from  the 
bottom  and  toward  the  river  surface. 


The  launch  process  itself  can  cause  a tendency  for 
the  mat  to  become  unstable.  Figure  B5  shows  the  path 
that  the  mattress  would  take  while  settling  to  the  bot- 
tom. Measurement  of  the  velocity  of  the  launch  barge 
and  the  velocity  of  the  mat  relative  to  the  launch  barge 
indicates  that  mat  velocities  of  approximately  0.5 
ft/sec  (0.2  m/sec)  can  be  developed  during  normal 
launching  operations.  A relative  component  of  current 
velocity  is  generated  against  the  mat  which  could  neu- 


tralize the  pressure  forces  on  the  front  of  the  mat  for 
small  angles  of  attack.  Fluid  inertial  effects  might  also 
contribute  to  an  unstable  condition. 


The  most  effective  method  of  controlling  unstable 
behavior  during  launching  is  to  maintain  current  on  the 
top  of  the  mattress  and  to  restrain  the  upstream  edge 
of  the  mat  from  any  appreciable  movement.  The  weight 
of  the  mattress  also  contributes  to  maintaining  a stable 
mat  configuration.  Although  the  present  toggle  beam 
system  will  restrain  the  upstream  edge,  it  is  time  con- 
suming to  attach  toggle  cables  at  less  than  25-ft  (7.6  m) 
intervals  (i.e.,  more  than  one  per  launch).  Under  these 
conditions,  a 25-ft  (7.6  m)  section  of  mat  becomes  free 
when  the  toggle  cable  is  released  from  the  bottom  of 
the  toggle  beam,  and  the  mat  can  then  execute  large 
deformations. 
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Figure  B4.  Last  launch  - launch  cables  pulled  downstream. 


LAUNCH 


A,B',C'  AND  O'  INDICATE  LOCATION  OF 
POINTS  A,  8,C,  ANO  0 AFTER  LAUNCH  PLANT 
HAS  MOVED  TO  INDICATED  POSITION 


Figure  BS.  Movement  of  the  articulated  concrete  mattress  during  launch 


an  electromechanical  gage  in  place  of  an  end-twist-tie 
connection.  No  longitudinal  forces  were  measured  be- 
tween the  concrete  blocks  within  a square.  The  mean 
ultimate  tensile  strength  of  the  standard  end-twist  link 
was  determined  to  be  3587  lbf  (16.0  kN)  by  slow 
monotonic  extension  tests.  The  wire  fabric  has  a ten- 
sile strength  exceeding  4000  lbf  (17.8  kN);  thus,  the 
end  twist  is  the  weakest  link  in  the  longitudinal  wire 
system. 


Longitudinal  Wire  Analysis 


Longitudinal  wires  are  defined  as  the  three  wires 
which  run  along  the  long  axis  of  a square  (Figure  Al). 
The  longitudinal  wires  of  adjacent  sq  aares  are  connected 
with  end-twist-tie  connections.  Various  types  of  links 
are  used  to  compensate  for  different  intersquare  spac- 
ing. All  field  measurements  of  longitudinal  wire  force 
were  accomplished  by  inserting  either  a mechanical  or 


APPENDIX  C: 

STRUCTURAL  ANALYSIS  OF 
ARTICULATED  MATTRESS 

Basis  for  Analyses 

The  first  phase  of  the  test  program  was  conducted 
September-December  1973.  Electrical/mechanical  gages 
were  used  to  determine  the  location  and  nature  of  the 
maximum  longitudinal  wire  force.  The  time  history  re- 
corded from  these  gages  revealed  that:  (1)  the  gages 
were  not  loaded  simultaneously  nor  to  the  same  level, 
and  the  loading  was  very  erratic;  (2)  the  maximum 
forces  occurred  as  the  mat  began  its  descent  over  the 
edge  of  the  launch  barge; and  (3)  by  the  time  the  gages 
entered  the  water  and  left  the  influence  of  the  launch 
barge,  tire  forces  had  diminished  significantly  and  ap- 
peared to  be  redistributed  among  the  longitudinal  wires. 
To  explain  these  phenomena,  the  second  phase  of  the 
test  program  in  October-December  1973  was  structured 
to  include  special  tests  to: 

1.  Determine  why  the  forces  in  the  longitudinal 
wires  decrease  when  the  mat  enters  the  water 

2.  Investigate  force  distribution  among  the  three 
longitudinal  wires. 

Scope  of  Analyses 

An  elaborate  simulation  model  of  the  behavior  of  an 
articulated  concrete  mattress  was  not  undertaken,  be- 
cause a mat  is  a complicated  structural  assemblage  and 


is  subjected  to  a series  of  dynamic  forces  of  undeter- 
mined magnitude  during  the  launching  process.  Instead, 
the  analyses  were  restricted  to  simple  static  calculations 
and  analytical  models  which  could  provide  insight  into 
the  general  behavior  of  the  mattress  and  could  be  cor- 
related with  the  field  data. 

Analyses 

During  the  launch  process  several  factors  induce 
forces  in  the  longitudinal  wires.  Included  among 
these  are : 

1 . Static  friction  between  the  mat  and  the  rollers 

2.  Rolling  friction  between  the  mat  and  the  rollers 

3.  Sliding  friction  between  the  mat  and  the  launch- 
ing barge  edge 

4.  The  sharp  curvature  occurring  as  tire  mat  traverses 
the  launch  finger  apron 

5.  Fluid  forces  on  the  submerged  mat 

6.  Tire  weight  of  the  submerged  mat 

7.  Inertial  effects. 

However,  time-history  records  from  the  electrical/ 
mechanical  gages  used  in  the  field  tests  indicated  that 
the  peak  longitudinal  forces  were,  in  general,  associated 


Figure  Cl.  Block  dimensions  and  spacings.  SI  conversion  factor:  1 in.  = 25.4  mm. 
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Figure  C2.  Section  of  launch  plant  showing  launch  fingers  and  curved  bearing  surfaces. 
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determined  by  laboratory  testing,  was  about  0.015  in./ 
in.  (m/rn). 


n 


i 

l 
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with  the  mat’s  progress  over  the  edge  of  the  launch 
plant.  At  this  stage  in  the  launch  operation,  forces 
produced  by  the  angle  change  associated  with  the  mat 
traversing  the  launch  finger  apron  would  be  most  likely 
to  cause  the  peak  forces. 

Pic  basic  cross-sectional  dimensions  and  spacings  of 
a typical  concrete  end  block  of  a square  arc  shown  in 
figure  Cl . A typical  block  is  3 in.  (76.2  min)  thick  and 
14  3/8  in.  (4.4  m)  long  at  the  bottom.  The  interstitial 
spacing  between  the  blocks  is  1 in.  (25.4  mm)  at  the 
top  and  tapers  to  5/8  in.  (15.9  mm)  at  the  bottom.  The 
end  block  spacing  is  a constant  1/2  in.  (12.7  mm).  End- 
twist-tie  connections  are  installed  at  the  end  block 
which  has  the  constant  spacing  of  1/2  in.  (12.7  mm); 
however,  because  the  amount  of  slack  associated  with 
the  end-twist  connection  was  unknown,  it  was  decided 
to  use  the  interstitial  spacings  to  determine  the  angle 
change  of  the  mat  as  it  follows  the  curvature  of  the 
launch  finger  apron. 

The  launch  finger  apron  (Figure  C2)  has  a radius  of 
1 ft  7 3/4  in.  (0.5  m).  If  adjacent  blocks  in  a square  are 
considered  to  be  rigid  and  are  assumed  to  adopt  a con- 
figuration where  they  remain  tangent  to  the  radius  of 
the  launch  finger  (Figure  C3),  lower  comers  of  the 
adjacent  blocks  will  meet  and  the  longitudinal  wire 
will  undergo  strain.  The  angle  change  associated  with 
this  configuration  is  39°  59 '43"  and  change  in  length  of 
the  longitudinal  wire  is  0.465  in.  (11.8  mm).  That 
change  in  length  corresponds  to  an  average  strain  of 
approximately  0.437  in./in.  (m/m).  This  would  produce 
fracture  of  the  wire  since  the  failure  strain  of  the  wire, 


Results  of  this  simple  calculation  prompted  further 
examination  of  the  possible  angle  change  which  adjacent 
blocks  could  assume  without  inducing  fracture  strain 
in  the  longitudinal  wires.  For  these  calculations,  the 
three  configurations  shown  in  Figure  C4  were  assumed 
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Figure  C3.  Angle  change  at  launch  finger  apron.  SI  con- 
version factor:  1 in.  = 25.4  mm. 


to  represent  conditions  that  might  exist  in  the  field.  In 
the  first  and  second  configurations  the  blocks  were 
assumed  to  lock  at  their  lower  comers,  while  in  the  third 
configuration  one  block  was  allowed  to  ride  up  on  the 
other.  In  the  first  configuration  the  longitudinal  wire 
was  assumed  to  adopt  a curvature  that  produced  an 
angle  change  of  23°  52'  28".  For  the  second  configura- 
tion. the  longitudinal  wire  was  assumed  to  remain 
straight  and  the  angle  change  was  computed  to  be 
24°33  25".  In  the  third  configuration  the  angle  change 
was  25°34’2l". 

The  angle  change  that  can  occur  in  the  blocks  with- 
out causing  failure  strain  was  computed  to  be  only 
about  60  percent  of  the  maximum  angle  change  the 
blocks  might  experience  while  traversing  the  launch 
finger  apron.  It  was  anticipated  that  any  force  in  the 
longitudinal  wires  induced  by  the  weight  of  the  mat 
suspended  below  the  launch  finger  apron  might  result 
in  sufficient  force  for  the  mat  to  experience  an  angle 
change  larger  than  23°  to  25°-and  thus  produce  the 
peak  force  in  the  longitudinal  wires. 

It  was  also  recognized  that  several  potential  effects 
could  be  responsible  for  the  40  percent  difference 
between  (1)  the  angle  change  the  blocks  could  undergo 
without  breaking  the  longitudinal  wires,  and  (2)  the 
angle  change  associated  with  the  launch  finger  apron. 
These  effects  are: 

1 . Crushing  of  the  concrete  at  the  lower  comers  of 
the  blocks  when  the  blocks  lock  up 

2.  Different  spacings  between  the  blocks 

3.  Different  radii  for  the  launch  finger  aprons 

4.  The  effective  angle  in  the  launch  finger  apron 
being  less  than  39°  59'  43". 

5.  Crushing  of  the  concrete  around  the  points  where 
the  longitudinal  wires  enter  and  exit  the  block,  caused 
by  high  bearing  stress  imposed  by  deformation  of  the 
longitudinal  wires  as  the  blocks  traverse  the  launch 
finger  apron. 

6.  Placement  of  the  longitudinal  wires  at  other  than 
mid-height  of  the  block. 

Of  all  these  effects,  the  most  logical  explanation 
appeared  to  be  that  the  effective  angle  change  experi- 
enced at  the  launch  finger  apron  is  less  than  39°59’43". 
If  the  launch  finger  were  retracted  more  than  is  shown 


in  Figure  C2.  the  angle  change  experienced  b>  the 
blocks  would  decrease.  Likewise,  if  the  blocks  did  not 
fully  conform  to  the  launch  finger  apron  radius  i.e  . 
if  the  lead  block  were  restrained  from  conforming  to 
the  launch  finger  apron  radius  by  the  force  in  (he 
longitudinal  wires  an  effective  angle  change  less  than 
39°  59'  43"  would  also  result. 

The  field  data  were  analy/.cd  to  determine  it  they 
supported  the  theory  that  the  maximum  forces  were 
occurring  as  the  mat  traversed  the  launch  finger  apron 
and  that  these  forces  were  being  induced  in  the  longitu- 
dinal wires  as  a result  of  an  angle  or  curvature  change 
other  than  that  caused  by  actual  forces  being  applied 
to  the  mat  and  then  transmitted  to  the  longitudinal 
wires.  Special  field  tests  were  conducted  to  confirm 
this  theory. 

Since  the  results  from  the  special  field  tests  tended 
to  support  the  theory  that  the  forces  induced  in  the 
longitudinal  wires  were  produced  by  the  angle  changes 
associated  with  the  launch  finger  apron,  it  was  decided 
to  analyze  the  end  connection  force  data  recorded  by 
the  mechanical  gages  in  the  two-  and  three-gage  config- 
urations. Theoretically,  if  the  peak  forces  induced  in 
the  longitudinal  wires  were  attributable  to  the  angle 
change  at  the  launch  finger  apron,  the  total  connection 
force  would  be  proportional  to  the  number  of  longitu- 
dinal wires;  i.e.  the  total  force  for  the  two-gage  con- 
figuration would  be  two-thirds  of  the  total  force 
for  the  three-gage  configuration.  (Note  that  for  the  two- 
gage  configuration  the  center  end-twist-tie  connection 
was  not  installed;  consequently  the  two  mechanical 
gages  installed  on  the  outer  longitudinal  wires  carried 
all  the  force  transmitted  between  squares.  In  the  case 
of  the  three-gage  configuration,  however,  the  three 
wires  do  not  carry  equal  loads  because  of  dimensional 
variations  in  assembling  the  mat  on  the  launch  plant. 
One  of  the  gages  is  likely  to  carry  only  a percentage  of 
the  average  of  the  force  being  carried  by  the  two  gages 
which  initially  define  a straight  line. 

Table  Cl  summarizes  the  two-gage  connection  force 
measurements  and  indicates  that  the  average  total  force 
for  the  two-gage  configuration  was  4.79  kips,  with  a 
standard  deviation  of  1.76  kips  (21.3  kN).  Table  C2 
summarizes  the  three-gage  connection  force  measure- 
ments and  indicates  that  the  average  total  force  for  this 
configuration  was  6.55  kips  (29.3  kN),  with  a standard 
deviation  of  2.43  kips  (10.8  kN).  Based  on  these 
average  values,  the  ratio  of  the  total  two-gage  connection 
force  to  the  total  three-gage  connection  force  is  0.74 
which  is  about  10  percent  higher  than  the  theoretical 
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Table  Cl 


Summary  of  Two-Gage  Connection  Force  Measurements 


Location 

Date 

Mat 

Number 

Launch 

Barge 

Individual  Gage 
Forces  (kips)* 

1 3 

Total 

Force 

(kips)* 

Marctiant,  LA 

22  Oct  73 

15 

Vicksburg 

1 .65 

1.6 

3.25 

Marchant,  LA 

22  Oct  73 

15 

Vicksburg 

2.2 

1.9 

4.10 

Marchant.  LA 

22  Oct  73 

15 

Vicksburg 

2.4 

1.3 

3.70 

Marchant,  LA 

22  Oct  73 

16 

Vicksburg 

2.5 

1.7 

4.20 

Marchant,  LA 

22  Oct  73 

16 

Vicksburg 

2.3 

2.0 

4.30 

Allendale,  LA 

26  Oct  73 

7 

Vicksburg 

3.15 

3.75 

6.90 

Coochie,  LA 

12  Nov  73 

12 

Vicksburg 

2.4 

2.3 

4.70 

Coochie,  LA 

13  Nov  73 

19 

Vicksburg 

2.85 

3.2 

6.05 

Pt.  Breeze,  LA 

15  Nov  7 3 

19 

Vicksburg 

2.7 

2.5 

5.20 

Pt.  Breeze,  LA 

15  Nov  73 

20 

Vicksburg 

2.9 

2.15 

5.05 

Pt.  Breeze,  LA 

15  Nov  73 

21 

Vicksburg 

2.5 

1.4 

3.90 

Pt.  Pleasant,  LA 

4 Dec  7 3 

4 

Memphis 

5+ 

5 

10.0 

Pt.  Pleasant,  LA 

4 Dec  73 

4 

Memphis 

2.75 

1.1 

3.85 

Pt.  Pleasant,  LA 

4 Dec  73 

5 

Memphis 

2.5 

2.7 

5.20 

Pt.  Pleasant,  LA 

5 Dec  73 

11 

Memphis 

0.9 

0.95 

1.85 

Pt.  Pleasant,  LA 

5 Dec  73 

12 

Memphis 

3.3 

2.25 

5.55 

Pt.  Pleasant,  LA 

5 Dec  73 

12 

Memphis 

3.9 

1.4 

5.30 

Pt.  Pleasant,  LA 

5 Dec  73 

13 

Memphis 

2.05 

1.8 

3.85 

Pt.  Pleasant,  LA 

6 Dec  73 

17 

Memphis 

3.5 

2.95 

6.45 

Pt.  Pleasant,  LA 

6 Dec  73 

17 

Memphis 

1.6 

0.75 

2.35 

* SI  conversion  factor:  I kip  = 4.448  kN. 


Average: 
Standard  Deviation: 


Table  C2 


Summary  of  Three-Gage  Connection  Force  Measurements 


Location 

Date 

Mat 

Launch 

Individual  Gage  Forces 

Total 

Smallest  Force 

Number 

Barge 

(kips)* 

Force 

Vi  e large 

i 

1 

2 

3 

(kips)* 

forces 

Burnside,  LA 

19  Oct  73 

23 

Vicksburg 

1.25  K 

1.4  K 

1.6  K 

4.25 

0.83 

Marchant,  LA 

22  Oct  73 

14 

Vicksburg 

3.1 

2.0 

2.15 

7.25 

0.75 

Allendale,  LA 

25  Oct  73 

1 

Vicksburg 

2.8 

1.8 

2.0 

6.60 

0.75 

Allendale,  LA 

26  Oct  73 

7 

Vicksburg 

2.15 

1.65 

1.9 

5.70 

0.81 

Baleshed,  MS 

7 Nov  73 

6 

Memphis 

2.9 

2.1 

2.2 

7.20 

0.82 

Coochie,  LA 

12  Nov  73 

12 

Vicksburg 

1.8 

1.75 

1.65 

5.20 

0.93 

Coochie,  LA 

13  Nov  73 

19 

Vicksburg 

2.5 

2.15 

2.5 

7.15 

0.86 

* Pt.  Breeze,  LA 

15  Nov  73 

18 

Vicksburg 

1.65 

0.5 

2.05 

4.20 

0.27 

Pt.  Breeze,  LA 

15  Nov  73 

19 

Vicksburg 

1.9 

2.0 

1.8 

5.70 

1.00 

Pt.  Pleasant,  LA 

4 Dec  73 

4 

Memphis 

1.3 

3.7 

0.5 

5.50 

0.20 

Pt.  Pleasant,  LA 

4 Dec  73 

4 

Memphis 

2.95 

5+ 

S 

12.95 

0.59 

Pt.  Pleasant,  LA 

4 Dec  73 

5 

Memphis 

1.9 

1.7 

2.3 

5.90 

0.81 

Pt.  Pleasant,  LA 

5 Dec  73 

11 

Memphis 

3.6 

1.8 

4 

9.40 

0.47 

Pt.  Pleasant,  LA 

5 Dec  73 

12 

Memphis 

1.65 

0.5 

0.75 

2.90 

0.42 

Pt.  Pleasant,  LA 

5 Dec  73 

13 

Memphis 

2.4 

2.1 

1.3 

5.80 

0.20 

Pt.  Pleasant,  LA 

5 Dec  73 

13 

Memphis 

4.3 

1.1 

0.55 

5.95 

0.58 

Pt.  Pleasant,  LA 

5 Dec  73 

14 

Memphis 

3.5 

5+ 

3 

11.50 

0.71 

Pt.  Pleasant,  LA 

5 Dec  73 

14 

Memphis 

2.0 

.95 

2.4 

5.35 

0.43 

Pt.  Pleasant,  LA 

6 Dec  73 

17 

Memphis 

3.2 

1.65 

1.9 

6.75 

0.65 

Pt.  Pleasant,  LA 

6 Dec  73 

17 

Memphis 

2.25 

2.1 

1.3 

5.65 

0.60 

1 it"  ' 1 

Average : 

6.55 

0.63 

Standard  Deviation: 


SI  conversion  factor:  1 kip  = 4.448  kN. 
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value  of  0.67.  This,  however,  does  not  include  a 
correction  for  the  fact  that  one  gage  of  the  three-gage 
configuration  is  not  100  percent  effective.  To  estimate 
the  effectiveness  of  that  gage  for  each  set  of  three-gage 
data,  llie  smallest  gage  force  was  divided  by  the  average 
ol  the  two  laiger  gages;  the  results  of  lliir;  calculation 
appeal  in  Table  (.’2.  Based  on  the  20  sets  of  data,  the 
smallest  gage  force  was  an  average  of  63  percent  of  the 
average  of  the  two  larger  gage  forces-i.e„  one  end-twist- 
tie  connection  is  only  63  percent  effective.  Consequent- 
ly, the  average  force  of  6.55  kips  (29.3  kN)  for  the 
three-gage  configuration  must  be  corrected  by  the  factor 


to  compensate  for  the  fact  that  on  the  average  only 
2.63  gages  were  fully  effective.  Applying  this  correc- 
tion factor  results  in  an  average  three-gage  force  of 
7.47  kips  (33.2  kN).  If  the  mat  assembly  tolerances 
were  such  that  the  three  gages  were  fully  effective, 
7.47  kips  (33.2  kN)  would  be  the  average  total  force 
for  the  three-gage  configuration.  The  ratio  of  the 
average  values  of  the  total  two-e  jge  connection  force 


to  the  corrected  total  three-gage  connection  force  now 
becomes  0.64.  This  ratio  compares  extremely  favorably 
(within  1/2  percent)  with  the  theoretical  value  of  0.67. 

Although  (he  results  of  this  analysis  were  encour- 
aging, it  was  necessary  to  determine  the  force  induced 
in  the  longitudinal  wire  by  the  submerged  mat  hanging 
vertically  in  the  water,  to  ascertain  that  the  forces  re- 
corded by  the  mechanical  gages  were  not  attributable 
solely  to  the  weight  of  the  hanging  mat.  To  estimate 
the  total  force  at  the  connection  for  the  case  of  one 
square  submerged  in  water,  the  simple  calculation 
illustrated  in  Figure  C5  was  performed,  with  the  fol- 
lowing assumptions; 

1.  A fixed  support  is  representative  of  the  constraint 
conditions  at  the  river  surface 

2.  A free  support  is  representative  of  the  constraint 
conditions  at  the  river  bottom 

3.  Fluid  pressure  and  frictional  forces  are  negligible 

4.  Inertial  forces  are  negligible 
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Figure  CS.  Simple  force  distribution  model.  SI  conversion  factor;  1 lbf  = 4.448  N;  1 in.  = 25.4  mm. 


5.  The  launch  cable  stiffness  is  many  times  greater 
than  the  bracket  wire  stiffness 

6.  The  blocks  of  the  square  are  rigid. 

On  the  basis  of  these  assumptions  the  solution  to  the 
problem  was  simplified  to  one  equation  with  one 
unknown.  Laboratory  tests  indicated  that  the  longitud- 
inal stiffness  of  an  individual  end-twist-tie  connection 
was  approximately  8869  Ibf/in.  (1.6  kN/mm)  and  the 
longitudinal  bracket  wire  stiffness  was  about  5200  lbf/ 
in.  (0.9  kN/mm).  Also,  field  data  from  the  initial  phase 
of  the  test  program  indicated  that  when  all  three  longi- 
tudinal wires  were  connected  by  mechanical  gages  at 
the  connection  between  squares,  the  third  gage  recorded 
only  about  50  percent  of  the  average  force  recorded  by 
the  other  gages.  It  was  consequently  assumed  that  the 
total  longitudinal  wire  connection  stiffness  was  about 
2 1/2  times  the  individual  stiffness.  Using  these  numer- 
ical values,  solving  the  single  equation,  and  back- 
substituting  the  result  to  calculate  the  forces,  it  was 
determined  that  the  total  end-twist-tie  connection 
force  would  be  about  571.0  lbf  (2.5  kN)  and  the  total 
bracket  wire  force  would  be  about  133.8  lbf  (0.6  kN). 
While  both  these  values  appeared  reasonable  because 
they  did  not  contradict  the  observed  field  data,  it  was 
realized  that: 

1.  If  the  launch  cable  stiffness  were  included,  the 
forces  in  the  longitudinal  wires  would  increase 

2.  If  more  squares  were  added,  the  weight  of  the 
suspended  model  would  increase  and  the  forces  carried 
in  the  longitudinal  wires  would  consequently  increase 

3.  To  determine  how  the  forces  were  distributed 
among  the  launch  cable,  bracket  wires,  longitudinal 
wires,  and  longitudinal  connection  wires  (end-twist-tie 
connection),  a more  refined  model  was  required  that 
could  be  used  to  investigate  the  impact  of  changes  in 
number  and  size  of  longitudinal  wires.  Figure  C6 
illustrates  the  more  refined  model  that  was  developed. 

The  model,  consisting  of  40  block  systems,  represents 
the  force  distribution  in  four  squares  of  mattress  hang- 
ing in  water  at  a depth  of  100  ft  (30.5  m)or  more.  As 
seen  in  Figure  C6,  each  system  is  made  up  of  two 
rectangular  blocks  weighing  95.5  lbf  (0.4  kN).  The 
various  springs  represent  the  different  wires  throughout 
the  mattress.  The  vertical  spring  with  stiffness  Kj  con- 
nects each  block  system  and  is  representative  of  the 
launch  cable  stiffness.  The  bracket  wires,  which  pass 
through  the  concrete  blocks  latitudinally  and  are 


connected  to  the  launch  cable  longitudinally,  arc 
represented  by  the  vertical  springs  with  stiffnesses  of 
K2  equal  to  one-half  the  bracket  wire  longitudinal 
stiffness.  These  springs  are  mutually  connected  within 
each  block  system,  and  have  the  launch  cable  spring, 
K| , as  a common  point. 

After  every  tenth  block  system,  which  represents  a 
square,  the  following  block  system  is  connected  by  a 
spring  with  a stiffness,  K3,  equal  to  the  total  connection 
wire  stiffness  in  the  actual  mattress.  The  other  systems 
are  all  connected  by  a vertical  spring,  K.4,  which  joins 
the  center  of  the  upper  block  of  each  system  to  the 
lower  block  of  the  system  above  it.  K4  represents 
the  total  stiffness  of  the  longitudinal  wires  embedded 
in  the  concrete  blocks. 

The  assumptions  for  this  analysis  are  similar  to 
those  for  the  simple  force  distribution  analysis,  except 
that  in  this  multi-square  force  distribution  model,  the 
launch  cable  stiffness  and  the  longitudinal  wire  stiffness 
are  included,  and  the  forces  in  these  wires  are  deter- 
mined. In  the  multi-square  force  distribution  model 
the  submerged  weight  of  the  concrete  blocks  causes 
each  spring  to  displace,  creating  a force  which  is 
representative  of  the  actual  forces  induced  in  the  wires 
of  the  mattress.  A series  of  simultaneous  equilibrium 
equations  was  developed  based  on  the  displacements  of 
the  springs.  A computer  program  was  then  written 
which  solved  the  equations  by  the  Gauss  Elimination 
method  and  then  calculated  the  forces  in  each  spring. 

The  analysis  of  the  multi-square  force  distribution 
model  can  be  divided  into  three  cases.  Each  case 
calculated  the  total  forces  which  would  occur  in  the 
launch  cable,  bracket  wires,  longitudinal  wires,  and 
end-twist-tie  connections  for  (1)  a three-longitudinal- 
wire  system,  (2)  a tw .'-longitudinal-wire  system,  and  (3) 
a one-longitudinal-wire  system.  The  three-longitudinal- 
wire  system  represents  the  mattress  in  its  original 
configuration  with  three  longitudinal  wires;  the  two- 
longitudinal-wire  system  represents  the  deletion  of  one 
of  the  three  longitudinal  wires;  and  the  one-longitudinal- 
wire  system  represents  deletion  of  two  of  the  three 
longitudinal  wires. 

The  launch  cable  stiffness  and  bracket  wire  stiffness 
were  constant  in  all  three  cases.  However,  in  the  first 
case,  stiffnesses  representative  of  0.162-in.  (4.1  mm) 
diameter  wire  were  used  for  the  longitudinal  wire 
springs,  and  stiffnesses  representative  of  the  end-twist- 
tie  wire  were  used  for  the  end-twist-tie  connection 
springs.  In  case  two,  stiffnesses  representative  of  0.141- 
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in.  (3.6  mm)  diameter  wire  were  used  for  the  longitu- 
dinal wire  springs  and  the  stiffnesses  of  the  end-twist- 
tie  connection  springs  remained  the  same.  The  final 
case  also  used  stiffnesses  representative  of  the  0.141-in. 
(3.6  mm)  diameter  wire;  however,  the  stiffnesses  of  the 
end-twist-tie  connection  spring  were  reduced  by  21 
percent  to  simulate  the  use  of  smaller  diameter  end- 
twist-tie  connection  wires.  The  values  of  the  different 
spring  constants  for  these  three  cases  are  presented 
in  Table  C3. 

The  spring  constant  Kj  is  representative  of  the 
stiffness  of  a 30-in.  (0.7  m)  length  of  3/8  in.  (9.5  mm) 
diameter  launch  cable  and  was  determined  from  actual 
test  data.  K2  represents  the  values  determined  from  the 
longitudinal  bracket  wire  tests  on  copperclad  wire. 
The  values  for  K3  are  integer  multiples  of  the  number 
of  longitudinal  wires  used  in  the  system-except  for 
the  three-wire  system,  in  which  K3  was  taken  to  be 
2.63  times  the  individual  end-twist-tie  connection  wire 
stiffness,  as  discussed  earlier.  The  stiffness  values  of  K4, 
the  longitudinal  wire  stiffness,  were  multiples  of  the 
number  of  longitudinal  wires  in  the  system  times  the 
average  stiffness  of  a 15-in.  (0.4  m)  length  of  longitu- 
dinal wire. 

Results  from  the  refined  force  distribution  model 
are  presented  in  Figures  C7  through  Cl 2.  Figures  C7 
through  C9  are  plots  of  the  launch  cable  forces  and  the 
longitudinal  wire  forces  for  cases  1,2,  and  3,  respectively . 
These  plots  show  that  the  forces  in  the  launch  cable 
and  longitudinal  wires  increase  approximately  linearly 
with  depth.  The  slight  cusping  effect  is  due  to  the 
transfer  of  forces  between  the  launch  cable  and  the 
longitudinal  wire  through  the  bracket  wires.  (For 
clarity,  the  data  points  between  the  cusps  we  re  deleted.) 

Table  C3 

Spring  Constants  for  Force  Distribution  Model 

Longitudinal 


Case 

Wires 

Spring  Constants 

(lb/in.)* 

Kl 

*2 

*3 

k4 

3 

61261.1 

2600.0 

22172.0 

105000.0 

1 

2 

61261.1 

2600.0 

17737.0 

70000.0 

1 

61261.1 

2600.0 

8868.8 

35000.0 

3 

61261.1 

2600.0 

22172.0 

82960.5 

2 

2 

61261.1 

2600.0 

17737.0 

55307.0 

1 

61261.1 

2600.0 

8868.8 

27653.5 

3 

61261.1 

2600.0 

17518.1 

82960.5 

3 

2 

61261.1 

2600.0 

14014.0 

55307.0 

1 

61261.1 

2600.0 

7007.2 

27653.5 

* SI  conversion  factor: 

1 lb/in.  * 

17.9  kg/m. 

It  should  be  noted  that  as  the  number  of  longitudinal 
wires  is  decreased  within  a given  case,  the  launch  cable 
takes  up  more  of  the  load. 

Figures  CIO  through  C12  are  plots  of  the  forces  in 
the  bracket  wires  for  cases  1,  2,  and  3,  respectively. 
The  forces  in  the  bracket  wires  are  seen  to  fluctuate 
within  each  square  of  the  10-block  system.  It  can  also 
be  seen  that  the  bracket  wires  interact  with  the  launch 
cable;  as  the  launch  cable  forces  increase  and  decrease, 
so  do  the  bracket  wire  forces. 

The  total  forces  in  the  end-twist-tie  connection  wire 
and  the  bracket  wires  of  the  simple  free  distribution 
model  are  slightly  less  than  those  in  the  multi-square 
force  distribution  model,  although  the  two  models  are 
in  reasonable  agreement.  For  the  multi-square  force 
distribution  model  at  the  tenth  block  system  of  case  1 
for  three  wires,  the  total  bracket  wire  force  was  157.76 
lbf  (0.70  kN)  and  the  total  connection  wire  force  was 
725.78  lbf  (3.25  kN).  This  compares  to  133.8  lbf 
(0.60  kN)  in  the  bracket  wires  and  571.0  lbf  (2.54  kN) 
in  the  connection  wires  for  the  simple  force  distribu- 
tion model. 

The  plot  presented  in  Figure  Cl 3 was  developed  to 
check  the  results  of  the  multi-square  distribution  model 
against  the  observed  field  data.  The  water  depth  at 
the  time  of  launching  of  the  various  two-  and  threc- 
mechanical-gage  configurations  used  to  acquire  the 
data  for  the  initial  portion  of  this  analysis  was  estimated 
from  notes  taken  during  the  launching  operations  in 
FY  73  and  some  interpolation.  The  various  data  points 
in  Figure  Cl 3 were  plotted  from  the  sum  of  the  two- 
and  three-wire  forces  recorded  by  the  mechanical  gages, 
and  the  estimated  water  depth.  For  comparison.  Figure 
C13  also  contains  the  estimated  total  end-twist-tic 
connection  force  predicted  by  the  multi-square  force 
distribution  model  of  the  original  mat  design.  A 
comparison  of  the  average  total  connection  force  lor 
the  two-  and  three-gage  configuration  and  the  result 
of  the  multi-square  force  distribution  model  indicates 
the  weight  of  the  hanging  mattress  should  not  influence 
the  peak  connection  forces  recorded  by  the  mechanical 
gages,  since  all  the  observed  field  data  plot  above  the 
force  levels  predicted  by  the  model.  Furthermore,  the 
mats  have  to  have  been  launched  in  156  to  230  ft 
(47.5  to  70.1  m)  of  water  for  the  weight  of  the  hanging 
mat  to  exceed  the  peak  forces  induced  when  the  mat 
traverses  the  curvature  of  the  launch  finger  apron. 

To  evaluate  results  of  the  multi-square  force  distribu- 
tion model,  the  maximum  forces  in  the  launch  cable 
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K,  = CABLE  STIFFNESS 

Kg  = BRACKET  WIRE  LONGITUOINAL  STIFFNESS 
Ks  = TOTAL  CONNECTION  WIRE  STIFFNESS 
K4  s TOTAL  LONGITUDINAL  WIRE  STIFFNESS 


*K3  APPEARS  AFTER  EVERY  10  th  BLOCK  SYSTEM 


Figure  C6.  Multi-square  force  distribution  model. 
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Figure  C7.  Launch  cable,  longitudinal  wire  and  end-twist-tie  forces  for  case  1.  SI  conversion  factor:  1 lbf  = 4.448  N. 


Figure  C9.  Launch  cable,  longitudinal  wire  and  end-twist-tie  forces  for  case  3.  SI  conversion  factor:  1 lbf  = 4.448  N. 


BRACKET 
WIRE  RIGHT 


Bracket  wire  forces  for  case  1.  SI  conversion  factor:  1 Ibf  = 4.448  N. 


BRACKET 
WIRE  RIGHT 


Figure  Cl  1 . Bracket  wire  forces  for  case  2.  SI  conversion  factor:  1 lbf  = 4.448  N. 


BRACKET 
WIRE  RIGHT 


Bracket  wire  forces  for  case  3.  SI  conversion  factor:  1 lbf  = 4.448  N. 


Table  C4 


Table  C5 


Factors  of  Safety 


Maximum  Stress  (ksi)* 


Number  of  Number  of 


Longitudinal 

Wires 

Case  1 

Case  2 

Case  3 

Longitudinal  Wire 

Case  1 

Case  2 

Case  3 

Wires 

Wires 

Interblock 

3.47 

3.10 

3.18 

Interblock 

48.9 

57.7 

56.2 

Cable 

4.17 

4.00 

3.83 

1 

Cable 

59.8 

62.5 

65.2 

Block-to-Block 

3.43 

3.04 

3.13 

Block-to-Block 

49.5 

58.8 

57.2 

3 

End-Twist-Tie 

3.67 

3.97 

3.83 

Average  F.S. 

3.69 

3.53 

3.49 

Interblock 

58.5 

67.8 

65.9 

Standard  Deviation 

0.34 

0.53 

0.39 

2 

Cable 

66.7 

69.2 

71.4 

Block-to-Block 

59.5 

69.5 

67.5 

Interblock 

3.48 

3.16 

3.25 

Cable 

3.74 

3.61 

3.49 

Interblock 

71.1 

79.4 

77.7 

Block-to-Block 

3.41 

3.08 

3.17 

3 

Cable 

79.1 

80.5 

82.2 

2 

End-Twist-Tie 

3.09 

3.37 

3.28 

Block-to-Block 

74.0 

83.4 

81.7 

Average  F.S. 

3.43 

3.31 

3.30 

Standard  Deviation 

0.27 

0.24 

0.14 

Cable 

Longitudinal  Wires 

Interblock 

2.86 

2.70 

2.76 

fpu 

= 250  ksi  0.162 

0.141 

Cable 

3.16 

3.10 

3.04 

.8  fpu 

= 200  ksi  fpu ' 

= 204  ksi 

fpu  = 215  ksi 

Block -to-Biock 

2.75 

2.57 

2.62 

pu 

= 20  k pu : 

= 4.2  k 

pu  = 3.35  k 

1 

End-Twist-Tie 

2.70 

2.96 

2.96 

Average  F.S. 

2.87 

2.83 

2.85 

* SI  conversion  factor:  1 ksi  = 6900  kN/m 

Standard  Deviation 

0.21 

0.24 

0.19 

spring,  the  two  longitudinal  wire  springs,  and  the  end- 
twist-tie  connection  were  selected  from  each  system 
for  the  three  different  cases,  and  stresses  and  factors  of 
safety  were  calculated  for  each  wire.  Tables  C4  and  C5 
show  these  results.  For  these  calculations,  20,000  lbf 
(89.0  kN)  was  used  as  the  ultimate  load  capacity  of 
the  cable  as  determined  by  laboratory  tests,  4200  lbf 
(18.7  kN)  and  3350  lbf  (14.9  kN)  were  used  as  the 
ultimate  load  capacity  of  the  0.162-  and  0.141-in.  (4.1 
and  3.6  mm)  diameter  wires,  respectively;  3550  lbf 
(15.8  kN)  was  used  for  the  ultimate  load  capacity  of 
end-twist-tie  connection  wire.  Table  C4  shows  that  for 
each  case,  the  factor  of  safety  is  greater  than  2 and 
tends  to  decrease  as  the  number  of  longitudinal  wires 
decreases.  A more  balanced  factor  of  safety  is  observed 
for  case  3 with  two  longitudinal  wires;  for  this  combina- 
tion the  average  factor  of  safety  is  3.30  and  the  standard 
deviation  is  0.14.  However,  in  considering  the  factors 
of  safety,  it  should  be  remembered  that  fluid  and 
inertial  forces  were  considered  negligible  in  the  model 
and  that  the  factor  of  safety  is  based  on  an  average 
launch  depth  of  100  ft  (30.5  m). 


Table  CS  presents  the  stress  levels  associated  with 
the  peak  force  levels  predicted  by  the  multi-square 
force  distribution  model  with  the  exception  of  the  end- 
twist-tie  wires.  Stresses  were  not  calculated  for  the  end- 
twist-tie  wire  because  the  area  to  be  used  in  the  calcula- 
tion was  indeterminate.  Results  in  Table  C5  indicate 
that  all  stresses  are  within  acceptable  levels. 

The  bending  stresses  within  the  concrete  blocks 
were  also  calculated.  For  each  of  the  three  wire  systems 
analyzed,  the  highest  differential  between  the  longitu- 
dinal wires  at  the  top  and  bottom  of  the  concrete  block 
model  was  chosen.  The  block  was  then  idealized  as  a 
simply  supported  beam  with  either  three-,  two-  or  one- 
point  loads  depending  on  the  number  of  longitudinal 
wires.  The  maximum  moment  at  the  center  line  was 
then  obtained  for  the  given  loud  condition  and  the 
bending  stress  was  calculated.  The  values  for  the 
bending  stress  were  very  low  (less  than  15  psi  [103.5 
kN/m2])  in  each  system  and  were  not  considered  to 
have  much  influence  on  the  overall  analysis.  Therefore, 
they  can  be  disregarded. 
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APPENDIX  D:  DISCUSSION  OF  GAGES 

CERL  began  development  of  the  mechanical  gage  in 
April  1972,  using  a nine-square  test  mat  assembled  at 
the  laboratory.  The  prototype  gage  was  tested  at 
Kentucky  Point,  KY,  on  12  September  1972  and  was 
then  modified  to  facilitate  field  installation. 

In  operation,  the  gage  is  installed  in  place  of  the 
usual  mechanical  connection  at  the  location  on  the  mat 
where  a force  measurement  is  desired.  For  bracket 
wire  measurements  the  wire  wrap  is  replaced  with  the 
bracket  wire  gage;  for  longitudinal  wire  measurements 
the  longitudinal  gage  is  installed  instead  of  the  longitu- 
dinal end -twist-tie  link.  The  wires  press  against  the  soft 
brass  beveled-edge  “target”  as  the  mat  is  launched;  the 
depth  that  the  wires  penetrate  the  target  is  a measure 
of  the  maximum  force  that  occurred  at  that  location  in 
the  mattress  during  the  launching  operation. 

Figure  D1  shows  the  gage  configuration  for  longitu- 
dinal wire  measurements  and  Figure  D2  shows  the 
configuration  for  bracket  wire  measurements  (the  semi- 
circular notch  is  to  accommodate  the  launch  cable). 

The  target  remains  in  place  until  it  is  retrieved, 
either  while  the  mat  is  on  the  river  bottom  or  at  an 
earlier  time.  The  retrieval  mechanism  is  shown  in  Figure 
D 3.  The  assembled  gages  (Figures  D1  and  D5)  are  held 
together  by  the  “T”  link ; when  this  is  pulled  off  by  the 
retrieval  line,  the  gage  sides  swing  aside  and  release  the 
target,  which  is  recovered  with  the  retrieval  line. 

Gages  are  calibrated  by  application  of  a known  force 
through  a wire  configuration  which  reproduces  the 
load  geometry  occurring  on  the  fabric  wire  in  the  mat. 
The  resultant  target  indentation  is  optically  measured 
to  provide  a calibration  curve  of  target  indentation 
versus  applied  load.  The  loads  are  carefully  applied  to 
the  calibration  specimens  so  that  a clear  target  indenta- 
tion is  obtained. 

Indented  targets  obtained  from  field  tests  are  mea- 
sured in  the  same  manner  to  establish  the  applied  load. 
The  penetration  depth  is  taken  as  the  perpendicular 
distance  of  penetration  from  the  undisturbed  gage 
profile  line  (Figure  B4).  In  the  case  of  light  loads,  the 
indentation  mark  obtained  in  the  field  is  usually  quite 
clean  and  appears  to  be  identical  to  the  calibration 
specimens.  Where  loads  are  3000  Ibf  (13.3  kN)ormore, 
however,  the  targets  often  have  other  deformation  which 
results  from  gage  frame  distortions  as  described  below. 


Accurate  measurement  with  this  gage  requires  a 
solid  supporting  frame  beneath  the  target  so  that  the 
applied  forces  produce  indentation  in  the  knife  edges 
of  the  target  rather  than  distortion  and  bending  of  the 
target  material. 

The  original  gage  frame  (Figure  D5)hasa  measured 
load-carrying  capability  in  excess  of  3600  Ibf  (16.0  kN) 
for  sustained  loads.  Because  of  problems  installing  this 
gage  in  the  restricted  space  between  squares  in  the  field, 
the  frame  was  modified  in  1972  to  permit  easier  instal- 
lation. The  modification  essentially  involved  changing 
a bolt  hole  into  a slot  so  that  one  side  member  could 
be  installed  after  the  balance  of  the  frame  was  in  the 
proper  position  (Figure  D6).  This  modification  weak- 
ened the  gage  frame  and  consequently  reduced  the  gage 
capacity  for  sustained  loads.  Failure  of  the  gage  frame 
occurred  in  the  slotted  section  (Figure  D7).  The  results 
obtained  in  1972  and  1973  with  both  the  modified 
and  unmodified  gages  indicated,  however,  that  the 
strength  of  the  modified  gage  was  adequate  for  most  of 
the  measurements  taken. 

It  should  be  stressed,  however,  that  despite  the 
modified  gage’s  reduced  load  capacity,  it  provided 
other  valuable  information  relative  to  mat  behavior.  It 
has  been  observed  in  testing  under  laboratory  calibra- 
tion conditions  that  there  is  a finite  time  of  failure  of 
the  gage  frame  at  loads  which  may  be  as  low  as  1500 
Ibf  (6.7  kN).  The  slotted  hole  section  deforms  relatively 
slowly;  thus,  this  gage  configuration  has  a certain  time- 
dependency  of  life  and  load.  If  the  loads  are  applied 
quickly  and  relieved  quickly,  the  gage  is  capable  of 
measurements  significantly  in  excess  of  1500  Ibf 
(6.7  kN).  The  gage  frame  capacity  under  relatively 
rapid  loads  has  been  measured  to  at  least  2400  Ibf 
(10.7  kN)  without  frame  failure  or  severe  distortion. 
The  maximum  load  measured  with  frame  failure  under 
particular  testing  conditions  was  2700  Ibf  (12.0  kN). 
This  value,  however,  should  not  be  taken  as  a meaning- 
ful upper  bound,  in  that  the  load  application  rate  was 
neither  rigorously  controlled  nor  excessively  high. 
Under  sustained  loads,  the  gage  can  be  observed  to  fail 
quite  slowly,  in  the  order  of  a few  seconds.  Finally.it 
should  be  noted  that  these  effects  arc  not  perfectly 
reproducible.  The  capacity  of  the  gage  is  critically 
dependent  on  the  frame  geometry  and  manufacturing 
tolerances,  because  the  effective  lever  system  of  the 
gage  puts  approximately  90  percent  of  the  applied 
force  on  the  slotted  hole.  Force  on  the  target  is  not 
geometry -dependent. 


Gage  measurement  tabulations  have  shown  that 
some  units  indicated  loads  in  excess  of  the  1500-lbf 
(6.7  kN)  value-which,  if  sustained,  would  have  pro- 
duced gage  failure.  To  better  evaluate  these  readings, 
the  target  indentations  were  read  and  each  target  was 
inspected  for  deformation  of  the  general  shape.  Such 
deformation  was  observed,  primarily  in  the  extremities 
of  the  target  legs.  If  the  frame  fails  or  is  in  the  process 
of  failing,  separation  of  the  target  tips  or  leg  ends  must 
occur.  As  the  target  tip  deforms,  the  indentations  lose 
their  precise  calibration  because  of  sheering  action  and 
rotational  effects  of  the  wire  and  the  change  in  geometry 
of  the  effective  target  area  for  the  wire. 

Since  the  indentations  obtained  in  Held  testing  were 
larger  than  desirable  for  precise  calibration,  all  targets 
were  inspected  for  gross  deformation  of  one  or  both 
target  tip  ends.  All  targets  in  the  1973  series  were  also 
inspected  for  gross  physical  distortion  of  the  target, 
and  to  determine  if  one  or  both  tips  were  deformed.  If 
a single  side  of  the  target  was  deformed  and  the  second 
side  retained  its  original  geometry  (Figure  D8),  it  was 
assumed  that  the  gage  at  least  partially  failed,  but  that 
during  this  time  the  load  was  still  being  carried  properly 
by  the  tip  which  did  not  show  distortion  or  bending. 


The  straight  tip  retained  its  proper  back  support  and, 
therefore,  the  load  values  determined  from  it  should 
be  valid.  If  gross  gage  failure  occurred,  due  either  to 
extremely  high  or  sustained  loads,  then  both  tips 
would  be  significantly  distorted  upon  total  failure  of 
the  frame,  since  both  would  lose  their  back  support. 
These  effects  have  been  verified  in  the  laboratory.  As 
described  earlier,  the  target  condition  after  recovery 
indicated  the  validity  of  the  load  values. 

In  summary,  one  can  reasonably  accept  those  values 
shown  where  at  least  one  leg  of  the  target  remained 
straight  or  was  deformed  minimally.  When  both  legs 
were  severely  bent  and/or  the  target  was  badly  de- 
formed, the  results  are  questionable. 

In  cases  where  only  one  leg  was  deformed  while  the 
other  remained  straight,  one  can  conclude  that  the  in- 
dicated loads  did,  indeed,  exist  long  enough  to  cause 
frame  failure. 

There  are  also  cases  where  loads  of  significant 
magnitude  (3  to  4 kips  [13.3  to  17.8  kN])  were 
measured,  but  gage  frame  failure  did  not  occur.  It  must 
be  assumed  that  these  were  short-duration  loads. 


Figure  D1 . Longitudinal  wire  gage. 
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Figure  D2.  Bracket  wire  gage 


Figure  D3.  Gage  in  retrieval  mode 


Modified  gage  frame— slotted  frame  member, 


Figure  D7.  Gage  frame  failure  at  slotted  section 


APPENDIX  E: 

SUMMARY  OF  FY75  FORCE 
MEASUREMENTS 

An  instrumentation  location  chart  for  recording  the  field  data  was  devised.  The  chart 
grid  corresponds  to  the  mattress  array  so  that  each  chart  shows  the  spatial  location  of 
gages  on  the  mat  and  the  force  level  recorded  for  that  mat.  Terminology  and  designations 
conform  with  those  described  in  Appendix  A. 
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